A standard giant magnetoresistance spin valve is an electronic device in which two conducting magnetic layers are separated by a non-magnetic layer. A considerable modification of the electrical conductance through the device can be achieved by altering the electrodes' magnetic configuration (parallel or antiparallel). Because the layers have different magnetic coercivities, in an increasing external magnetic field the magnetization of one layer switches at different field values from the other, that is going from parallel to antiparallel, and finally back to parallel alignment 4 , thus switching the conductance of the device. The resulting magnetoresistance ratio is defined by MR = (G P −G AP )/G AP , where G P and G AP are the conductances of the spin valve for parallel (P) and antiparallel (AP) alignments. Typical values of MR for metallic spin valves lie in the 10% range at room temperature. A tunnel barrier between the two layers leads to MR values greater than 100%, for instance, in commercially used spin valves in read heads. The two magnetic layers can be also connected through a carbon nanotube, leading to typical MR values of about 3% for PdNi or permalloy single-walled carbon nanotube (SWCNT) spin valves 11, 12 and 60% for La (1−x) Sr x MnO 3 (LSMO)-based electrodes 13 . In all these devices, the active layers are classical magnets.
its highly anisotropic magnetic moment may influence the current passing through the SWCNT, thus permitting the readout of the molecular magnetic state by standard conductance measurements. This idea is experimentally realized here. We have measured high magnetoresistance ratios in this supramolecular SMM-SWCNT geometry, in which single quantum nanomagnets act as both magnetic polarizers and analysers. Remarkably, the presented experimental results demonstrate the electrical detection of the magnetization switching of a single quantum magnet. Out of 130 investigated devices, 25 samples showed signals due to magnetic molecules. Seven devices were studied in detail and exemplary data for one of them are presented below (concerning other samples, see Supplementary Figs S2 and S3).
The rare-earth-based SMMs are among the most promising systems for molecular spintronic applications. In bis-phthalocyaninatoterbium (iii) complexes, hereafter TbPc 2 (ref. 14) , the total magnetic moment is given by J = 6 and originates from both orbital and spin contributions 15 . In its neutral form the TbPc 2 molecule represents a two-spin system: the Tb 3+ ion has an intrinsic magnetic anisotropy whereas the organic spin S = 1/2 radical is delocalized over the two phthalocyanine ligands enhancing the magnetic coupling to the environment (Fig. 1a) . At low temperatures, quantum magnets of the TbPc 2 family are characterized by (1) a large magnetic moment in the ground state, (2) a high zero-field splitting due to their large magnetic anisotropy, (3) slow relaxation of the magnetization and (4) a strong hyperfine coupling 16 . In addition, their magnetic properties show a very large spectrum of quantum physics phenomena 17 , for example quantum tunnelling of magnetization (QTM) between up and down magnetization polarizations and quantum interference between different tunnelling paths 18 . The investigation of the magnetic characteristics of the TbPc 2 SMM crystal, using a micro superconducting quantum interference device at 0.04 K (ref. 19) , reveals a hysteresis loop containing magnetic quantum phenomena ( Fig. 1b; ref. 16 ). The sharp steps within the magnetic hysteresis loop originate from quantum tunnelling at the respective energy-level crossings (Fig. 1c) . Due to the large magnetic anisotropy of the Tb 3+ ion, the ground-state doublet with quantum numbers J z = ±6 is well separated from the excited states by several hundred Kelvin (see Supplementary  Fig. S1 ; refs 20,21) . Moreover, the interaction of each ground state with the four nuclear-spin states of the Tb 3+ ion nuclear spin (I = 3/2) leads to several energy-level crossings and therefore QTM. A further magnetization-reversal mechanism, occurring at higher field, is given by the direct relaxation process, which can be seen as a non-coherent tunnelling event combined with a phonon emission. Therefore, a TbPc 2 SMM can switch at different external fields, depending on the mechanism involved in the magnetization reversal (see Supplementary Fig. S4a and b) . Recently, it has been shown that the prominent magnetic properties of TbPc 2 SMMs remain robust when attached through supramolecular π-π interactions to sp 2 -carbon materials, such as carbon nanotubes 22 and graphene 23 . However, it is important to note that each molecule when deposited on the nanotube relaxes into a slightly different supramolecular position, leading to a local variation of the physical properties. As a matter of fact, some of them would have a huge QTM probability whereas others would mostly undergo a direct relaxation process.
To increase the non-invasive attachment to SWNTs at very low concentrations, the TbPc 2 SMMs used herein were modified by introducing one pyrene group and six hexyl groups into one of the two Pc rings (referred to hereafter as TbPc 2 * ; see Fig. 1a ). Both the pyrene group and the alkyl chains are known to exhibit attractive van der Waals interactions with sp 2 -carbon materials and are used as anchoring points on the nanotube. Moreover, the steric hindrance induced by this ligand prevents recrystallization of the SMM on the nanotube. The anchoring groups steer the supramolecular grafting of the quantum magnet and bring the substituted Pc ring into direct contact with the SWCNT wall. The latter and the Pc ring are conjugated systems, which strongly hybridize through π -π interactions 24 . The supramolecular sample geometry is shown in Fig. 1d . The external magnetic field is applied in the plane of the sample (0
• corresponds to the normal to the nanotube axis) and a back gate fine-tunes the chemical potential of the SWCNT. Figure 2 shows the electronic-transport characteristics of the supramolecular TbPc 2 * -SWCNT set-up. Differential conductance maps of dI /dV as a function of sourcedrain voltage V sd and back-gate voltage V g were taken at 0 T ( Fig. 2a ) and 1 T (Fig. 2b ), corresponding to random and polarized orientations of the TbPc 2 * magnetic moments, respectively. At both magnetic fields, the differential conductance maps exhibit the features of Coulomb diamonds 25 , typically observed for SWCNT quantum dots in the weak-coupling regime 26 . Intriguingly, the degeneracy points of most of the Coulomb diamonds are open in the absence of an external magnetic field (0 T, Fig. 2a ) and closed in its presence (1 T, Fig. 2b ). This is clear evidence of the modulation of an extra tunnelling barrier inside the quantum dot. Further insight can be gained when measuring the magnetic field hysteresis loops of the conductance at V sd = 0. In Fig. 2c , the magnetic field is swept between 1 and −1 T resulting in an abrupt switch between a relatively high value (∼1 µS) and a lower one (∼ 100 nS). The characteristics of the hysteresis loops are consistent for each of the Coulomb peaks, as shown in Fig. 2d : the difference in conductance value is plotted between trace (from −1 to 1 T) and retrace (from 1 to −1 T) for each The red curve corresponds to the conductance under increasing field (−1 to +1 T) and the blue curve under decreasing field. The conductance jumps around zero field are attributed to molecules experiencing quantum tunnelling due to tunnel splittings. The last jumps around ±500 mT are attributed to a direct relaxation process of a single molecule. When all the magnetic momenta are parallel only one spin carrier can flow easily, whereas when the magnetic moment are antiparallel the electron flow of both spin carriers is hindered. d, Intensity of the conductance hysteresis measured as a function of the gate voltage. The colour code corresponds to the difference between magnetic field trace and retrace, given in the unit of G 0 : blue corresponds to negative values, red to positive and white to zero hysteresis. The most intense regions are directly correlated to the Coulomb peaks. e,f, Schematic representation of the mechanism involving two TbPc 2 * SMM molecules (A and B) grafted on an SWCNT. With increasing magnetic field, molecule A switches first (e), thus leading to an antiparallel configuration of the spin valve with lowest conductance. Each molecule induces localized states in the nanotube through exchange interaction. The value of this interaction is estimated to be around J = 0.5 meV. The mismatch between spin levels induces effective tunnel barriers in the SWCNT for both spin polarizations. As a result, the electron flow through the SWCNT is hindered. When molecule B switches (f), a parallel configuration is recovered, and because of the level broadening (∼0.2 meV) this configuration leads to high conductance. The hexyl and pyrenyl groups of the TbPc 2 * SMM are omitted for reasons of clarity.
gate step. The hysteretic behaviour disappears above a bias voltage of about 0.5 mV.
To relate the device characteristics to the magnetic signature of the TbPc 2 * quantum magnets, a detailed investigation of the magnetic field dependence of the largest conductance jumps was carried out. An analysis of the angular dependence of the switching field, which was made by plotting the difference between the trace and the retrace, reveals a very pronounced dependence. The smallest switching fields, which define the easy axis of magnetization, were found to be orthogonal to the SWCNT axis (x direction), whereas along the tube axis (y direction) a hard axis was found (Fig. 3a) . Such a very strong angular dependence is in agreement with the Ising-like uniaxial anisotropy of the TbPc 2 -SMM family 16 . We compared the orientation of the easy axis with the SWCNT axis and found that the TbPc 2 * molecule is orientated with the Pc rings parallel to the SWCNT wall, which is in accordance with the supramolecular design maximizing the π -π interactions between the Pc ring and the nanotube. Quantum tunnelling of magnetization is an inherently stochastic process: the magnetization reversal at a tunnel splitting or through a direct relaxation process is expressed by transition probabilities. By cycling the hysteresis loop many times, the related stochastics of the magnetic moment reversal can be elucidated (Fig. 3b) . Increasing temperatures lead to a continuous reduction of the area of the hysteresis loop (Fig. 3c) . At 40 mK the switching field is found to be around 0.5 T progressively declining and finally vanishing above 600 mK. The blocking temperature can be extrapolated to be around 1 K, which is in good agreement with recent reports on a TbPc 2 submonolayer 27 . Other samples showed similar temperature dependencies (see Supplementary Fig. S5 ). The difference between trace (from −1 to +1 T) and retrace (from +1 to −1 T) is plotted as a function of the angle of the applied field. The colour code is given in G 0 . The white code corresponds to no difference between trace and retrace for the corresponding field value whereas a red code corresponds to a bistable region. This means that in the white region both molecules are polarized in the same way and in the red region the antiparallel configuration is adopted. As a result, the border between the white and the red region corresponds to the switching field of the molecule experiencing a direct relaxation process. It is important to note that the switching field along the y axis cannot be resolved because our magnets are limited to 1 T. This ellipsoidal behaviour has been measured repeatedly on several samples (see Supplementary Fig. S3 ), and is in agreement with the Ising-like uniaxial anisotropy of the TbPc 2 * . The x axis can be attributed to the easy axis and the y axis to the hard axis. By comparing the orientation of the easy axis with the nanotube direction it can be deduced that the TbPc 2 * molecule is flat-landing on the nanotube, as shown in the inset. b, The conductance is measured 11 times as a function of the magnetic field applied at an angle of 30 • with a sweep rate of 2 mT s −1 . The switching field of the studied molecule is marked by an arrow. Some of the curves present a transition close to zero instead of 0.5 T. This is attributed to a tunnel mechanism at an avoided level crossing. In this case all the TbPc 2 * molecules have experienced a tunnel transition and the spin-valve behaviour disappears. Most of the tunnel transitions happen at small positive field values, establishing that the Tb nuclear spins are cold enough to involve mainly the lowest magnetic spin states. c, 20 hysteresis loops at several temperatures between 0.04 and 0.6 K, using a field sweep rate of 70 mT s −1 . A few molecules switch around zero field through a tunnel process whereas one molecule switches at higher fields through a direct relaxation process. The blocking temperature is extrapolated to be around 1 K.
The observation of electronic coupling of the terbium-based J = 6 magnetic moment with the conduction electrons is explained by the intermediating presence of the S = 1/2 π radical delocalized on the organic phthalocyanine ring systems. Owing to π-π interaction, this radical is supposed to be in close electronic contact with surfaces; for example, it was shown to lead to Kondo features in scanning probe spectroscopy studies 28 . This means that the wavefunction of this unpaired spin can easily hybridize with the π -electron density of the nanotube. Moreover, transition-metal/Pc systems adsorbed on sp 2 -graphite surfaces show a pinning of the lowest unoccupied molecular orbital level close to the Fermi level 29 and recent investigations have shown a weak antiferromagnetic exchange coupling of the Tb magnetic moment of TbPc 2 to a ferromagnetic Ni substrate (P. Gambardella et al., manuscript in preparation). Furthermore, the radical ligand state is close in energy to the Tb 4f states 30 , enabling an efficient coupling of the Tb magnetic J = 6 state with the conduction electron of the SWCNT.
The observed magnetoresistance behaviour is explained by an effective tunnelling barrier induced by the magnetic configuration of very few SMMs coupled to the SWCNT quantum dot. The average number of molecules was previously determined to be about four molecules for a source-drain SWCNT segment of 300 nm (ref. 23) . The conduction electrons of the SWCNTs are locally influenced through the π-radical-mediated exchange mechanism (vide supra) of the confined TbPc 2 * magnetic moment. For reasons of simplicity, the mechanism will be explained for the most ideal case involving two SMM molecules (A and B, Fig. 2e,f) and one spin-degenerate conduction channel: each molecule locally lifts the spin degeneracy, and as a result there is an energy mismatch in the antiparallel configuration between the orbitals of the same spin, which creates an effective tunnelling barrier. In a spin-valve picture, the first of the molecules (A) plays the role of spin polarizer, whereas the second one (B) acts as spin analyser. The presence of two reversal mechanisms (tunnel splitting versus direct relaxation process) expressing significantly different tunnelling probabilities (see Supplementary Fig. S4a and  b) leads to different switching fields for quantum magnets A and B. In the example presented herein molecule A has a close-tounit QTM probability around zero field (but spread due to the hyperfine coupling) and consequently exhibits magnetic-moment flips close to zero field (Fig. 2e) . With increasing magnetic field, the second molecule (B) remains still in the opposite magnetic state, rendering an antiparallel configuration of the spin valve, until this second molecule experiences a direct transition (Fig. 2f) , reprogramming the valve into its parallel configuration. Moreover, the quantum behaviour of the second molecule (B) has been investigated through its magnetic field sweep-rate dependence (see Supplementary Fig. S4a ). With decreasing fields, around a rate of 2 mT s −1 , the spin-valve characteristic disappears in one-third of the cases, which is in accordance with the Landau-Zener theory 18 . When molecules A and B tunnel close to zero field, the spin-valve behaviour vanishes (Fig. 3b) . The supramolecular spin valve described here thus offers two distinct working regimes: (1) a bi-stable and (2) a sweeping-rate-independent regime. This allows for functional fine-tuning as well as electronic detection and manipulation of a single magnetic moment. It should be noted that other mechanisms invoking any shift of the Coulomb diamond to explain conductance changes (for example magneto-Coulomb effect, see Supplementary Fig. S6 ) are refuted by Fig. 2d , where no change of the magnetoconductance sign is observed.
In conclusion, a supramolecular spin valve consisting of quantum magnets (SMMs) and SWCNT components has been demonstrated. On reversing the magnetic field, the device exhibits magnetoresistance ratios up to 300%. Analysis of the differential conductance of the SWCNT with the switching-field angle and temperature reveals fingerprint-like characteristics of the magnetic molecules exhibiting Ising-like uniaxial anisotropy and quantum tunnelling phenomena. Our results open a pathway towards the design of operable molecular spintronic devices projecting the implementation of new electrical functionalities, high integration depth and an alternative fabrication scheme to cost-intensive lithographic technologies.
Methods
Sample preparation. SWCNTs of diameter about ∼1.2 nm grown by the laser ablation method at the Rice University were dispersed in 1-2 ml dichloroethane and sonicated for 1 h. A droplet of this suspension was deposited onto a degenerately doped p-type silicon wafer with a ∼450 nm surface oxide. SWCNTs were located by atomic force microscopy with respect to predefined markers and then contacted with 50-nm-thick Pd by standard electron-beam lithography with a contact spacing of ∼300 nm. The TbPc 2 * SMMs were synthesized as previously reported 22 . The supramolecular grafting was carried out by drop casting a solution of TbPc 2 * diluted in dichloromethane with molarity M = 10 −8 mol l −1 onto the sample. After 5 s, the sample was rinsed in dichloromethane and dried under nitrogen flow. Residual dichloromethane was removed by a second rinse with isopropanol.
Conductance experiments. Samples with high resistance (>100 k ) at room temperature were selected. The conductance measurements were carried out in a 3 He/
